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NASA TT F-10,382 

FACTORS ACTING ON THE BOUJDARY LAYER TRANSITION 
AT HYPERSONIC SPEED 

R .Michel 

Preliminary experimental results obtained i n  a wind tunnel 
at  high Reynolds number and a t  a Mach number close t o  7 are 
presented and discussed. By visua l iza t ion  and calculat ion 
of t h e  boundary layers ,  t h e  Emits of t h e  t r a n s i t i o n  domain 
f o r  ogives and cylindeFcone configurations of various ver tex 
angles are determined. The va r i a t ion  i n  t h e  nose angle and 
thus i n  t h e  pressure gradients upstream of t h e  body r e s u l t  
i n  a considerable var ia t ion of t he  t r a n s i t i o n  Reynolds number, 
based on l o c a l  conditions. 
region i s  of t he  order of  t h e  laminar sector ,  where a consid- 
erable  thickening of the  boundary layer  occurs. The apparent 
f r i c t i o n  i n  t h e  t r a n s i t i o n  domain was found t o  be much greater  
than t h e  turbulent  f r i c t ion .  

The length of t h e  t r a n s i t i o n  

Notations 

x = longi tudinal  coordinate, 
counted from t h e  nose, 

R = radius of t he  cy l indr ica l  
port ion of t h e  mockups, 

r = l o c a l  radius  of t h e  ogives, 
L = length of t he  ogive portion, 

cy, = half-angle at  t h e  vertex, 
rp = spec i f ic  mass, 
v = kinematic viscosi ty ,  

U, M, = veloci ty  and Mach number at 
the  nose of t h e  models, 

U e  9 Me = l o c a l  ve loc i ty  and Mach 
number on the  models, 

1. Introduction 

pio = generating stagnation pres- 

pi1 = stagnation pressure down- 
sure  of t h e  wind tunnel, 

stream of t he  f r o n t a l  shock 
wave, 

Tio = generating temperature, 
6 = thickness of t he  boundary 

6 ,  = thickness of t he  moment of 

cf = coef f ic ien t  of f r i c t i o n .  

layer ,  

momentum, 

In  this paper, we are presenting the  first results of a systematic experi- 
mental study f o r  analyzing, based on wind-tunnel tests,  t he  p r inc ipa l  f ac to r s  
t h a t  might influence the  boundary layer  t r ans i t i on ,  i n  p r a c t i c a l  problems en- 
countered at  high ve loc i t ies .  

The grea tes t  of t h e  d i f f i c u l t i e s  encountered i n  an experimental study on 
t h e  t r a n s i t i o n  i n  a supersonic Wind t u n n e l  i s  no doubt t he  influence of t h e  

/z 

3' Numbers given i n  the  margin indicate  pagination i n  t h e  o r ig ina l  fore ign  text. 
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pressure l e v e l  and of t he  generating temperature which, a l l  other  conditions 
remaining constant, manifests itself i n  a considerable increase i n  the  t r a n s i t i o n  
Reynolds number with t h e  uni t  Reynolds number of t he  wind tunnel. 
explanation of the  phenomenon was  given i n  experiments by Laufer and Vrebalovich 
( R e f . l j ;  these experiments showed i n  fact  t h a t  a considerable turbulence can be 
spread by t h e  turbulent boundary layers of t he  w a l l s  of t he  t e s t  section. Cok  
nected with t h e  thickness of the boundary layer  displacement, i t s  in t ens i ty  de- 
creases with increasing uni t  Reynolds number. The experiments by Laufer showed 
a l s o  t h a t  t h e  turbulence increases rapidly with the  Mach number. 

A plaus ib le  

Thus, f o r  making a va l id  analysis  of the  t r a n s i t i o n  and t h e  f ac to r s  in f lu-  
encing it, the  wind-tunnel tests must be made at unit Reynolds numbers t h a t  will 
be higher t h e  grea te r  t h e  Mach number. 
earl ier inves t iga t ion  a t  a Mach number of 3, t o  use a high pressure wind tunnel  
(Ref .2) . For t h e  research described here, scheduled a t  a Mach number of 7, we 
required the  spec ia l  arrangement of a n  extreme-pressure wind tunnel, with a 
pressure as high as 200 a t m .  

T h i s  reasoning had induced us, i n  an 

The resu l t s ,  j u s t  as those given by Michel (Ref .2), thus have t h e  in t e re s t -  
i ng  feature of having been obtained at unit Reynolds numbers far superior t o  
+.hose mentioned i n  any previously published papers. A s  a t y p i c a l  example, t h e  
present  conditions and those obtained e a r l i e r  (Ref .2) are p lo t ted  i n  Fig.1 with 
respect t o  t h e  conditions used i n  a rather  important study by Pot te r  and Whit- 
f i e l d  ( R e f  .3); these agree fairly w e l l  with t h e  values of t h e  u n i t  Reynolds 
numbers most of ten encountered i n  data  published on t h e  t r a n s i t i o n  at  various 
Mach numbers . 

A s  reported previously (Ref .2), t h e  experimental program covered t h e  inf lu-  
ence of pressure gradients and of  t h e  geometric form for bodies of revolution. 
The research covered an experimental determination of t he  t r a n s i t i o n  region f o r  
ogivo-cylindrical bodies of a previously invest igated family (Ref .2). 
comparison purposes and f o r  judging the influence of an abrupt expansion pro- 
duced a t  t h e  shoulder, these invest igat ions were complemented by a study on 
cylinder-cone configurations having the same vertex angle as t h e  previously 
invest igated ogives. 

For 

The present paper comprises a descr ipt ion of t h e  technique used i n  deter- 
m i n i n g  t h e  boundaries of t he  t r ans i t i on  region, a presentat ion and discussion 
of t h e  values obtained at  t r a n s i t i o n  Reynolds numbers, and t h e i r  comparison with 
t h e  r e s u l t s  obtained at  Mach 3. 

2. Ekp eriment a1 Te c hni que 

The experiment was made i n  an open-throat p i l o t  tunnel  at t h e  Fluid Me- 
chanics Laboratory of t h e  ONERA? a t  Chalais-Meudon, l a i d  out f o r  producing a 
Mach number of 7 i n  a c i r cu la r  t e s t  section of a 0  mm diameter. 

+ ONERA = Office National d f k u d e s  et de Recherches A&onautiques; National 
Aerospace Research and Development Administration. 
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For obtaining t h e  very high desired pressure and t h e  required temperature 
at Mach 7, the  compression produced by t h e  slow displacement of a p i s ton  i n  a 
cyl inder  of great  length, mounted i n  f ront  of the  col lector ,  was  used (Ref .4). 

-. 'me tests were made at a pressure of 170 - 200 bars  and 3% a t e q e r a t u r e  of 
680 - 69OoK. 
measurements made 0.2 sec after start-up. Under these conditions, it was pos- 
s i b l e  t o  keep t h e  heating of t he  mockups t o  a negl igible  l e v e l  and t o  maintain 
t h e  w a l l  temperature p rac t i ca l ly  equal t o  the  ambient pressure. 
t h e  w a l l  temperature t o  t h e  generating temperature was 0.43 on the  average. 

The durat ion of t h e  gusts was  0.5 sec on t h e  average, with t h e  

The r a t i o  of 

An experimental assembly scheme i n  shown i n  Fig.2. An exis t ing  conical 
tube of 4.50 half-angle was used. 
jet, were arranged i n  such a fashion t h a t  t h e  t r ans i t i on ,  i n  t h e  schl ieren 
f i e l d ,  took place s l i g h t l y  downstream of t h e  exit plane of t h e  duct. 
obstacle,  t h e  Mach number along the  axis of t h e  duct was  designated by M ,  a t  
t h e  abscissa  of t h e  upstream leading edge. 

The mockups, aligned along t h e  axis of t h e  

For each 

A t abula t ion  of t h e  p r inc ipa l  geometric cha rac t e r i s t i c s  of t h e  invest igated 
bodies and of t he  t es t  conditions with respect t o  each i s  given i n  Fig.3. 
study included a cone of 5' half-angle and two families of bodies of revolution 
with pointed nose. 

The 

The first family, studied previously (Ref.2) a t  Mach 3, i s  composed of 
ogivo-cylindrical bodies defined by the general  equation 

Three d i f f e ren t  aspect r a t i o s  were used f o r  t h e  ogive ahead of t h e  cylin- 
der, which permits, by varying t h e  nose angle and t h e  attached shock wave, t o  
obtain stagnation pressures and d i f fe ren t  l o c a l  Mach numbers on the  cy l ind r i ca l  
section. 

The second family i s  composed of three cylinder-cone configurations whose 
nose angles are equal t o  those of t h e  preceding bodies. 

For these six models, t h e  diameter D of t h e  cylinder i s  25 mm; t h e  mockups 
are made of steel. 

A determination of t h e  limits of t h e  t r a n s i t i o n  zone i s  e s sen t i a l ly  based 
Three examples of t h e  ob- on a schl ieren v isua l iza t ion  of t h e  boundary layer .  

tained photographs are given i n  Fig.4, showing t h a t  a considerable thickening of 
t h e  boundary layer  i s  produced at these Mach and Reynolds numbers. W e  were ab le  
t o  measure the  thickness of t he  boundary layer  with sa t i s f ac to ry  accuracy. 
Below, we w i l l  demonstrate t h a t  a comparison of this measurement with t h e  data  
calculated f o r  t h e  upstream laminar boundary l aye r  and f o r  t h e  downstream turbu- 
l en t  boundary layer,  has made it possible t o  determine the  beginning and end of 
t h e  region i n  which t h e  boundary layer transformation takes  place.  

3 



3 .  Results and Discussions 

3.1 Distr ibut ion of t he  Local Mach Number over t he  Bodies 

Figure 5 shows t h e  d i s t r ibu t ion  or" t h e  l o c a l  Mach r',nLber Over t h e  seven 
models. 
some l o c a l  pressure measurements and including t h e  two following phases: 

The data  are obtained from a calculation, s a t i s f a c t o r i l y  confirmed by 

The theory of cha rac t e r i s t i c s  was f i r s t  applied t o  each body i n  order t o  
determine the  d i s t r ibu t ion  of l o c a l  Mach numbers i n  the  case of a uniform up- 
stream flow at  a Mach number M, corresponding t o  t h e  abscissa  of t h e  leading 
edge of each mockup; this was 6.75 f o r t h e  ogives and t h e  cy l ind r i ca l  cones 
and 7 f o r  t he  cone i t se l f .  A t  this Mach number, t he  theory of charac te r i s t ics  
y i e l d s  a result d i f fe r ing  l i t t l e  from that  obtained by t h e  shock-expansion ap- 
proximation, a property which i s  used i n  t h e  second phase of t he  calculation. 

After t h i s ,  two corrections f o r  taking t h e  e f f e c t s  of t h e  source flow i n  
The first of these refers t h e  conical  duct i n t o  consideration, were applied. 

t o  t h e  ve loc i ty  increase from t h e  abscissa of t h e  leading edge and t o  t h e  cor- 
responding increase i n  t h e  Prandtl-Meyer angle along t h e  axis of t h e  conical 
duct. It has been assumed t h a t  t h e  same increase should be applied a t  each 
poin t  of t h e  Prandtl-Meyer angle corresponding t o  t h e  l o c a l  flow about each 
model. The second correct ion refers t o  t h e  d i r ec t iona l  e f fec t  of t h e  source 
flow. It was again assumed here t h a t  t he  l o c a l  Prandtl-Meyer angle was  in- 
creased at  each point of t h e  model from t h e  angle under which t h e  point  i s  
"viewed" from the  th roa t  of t h e  duct. 

The d is t r ibu t ions  i n  Fig.5 show t h e  general  slope expected f o r  such bodies. 
Intense negative pressure gradients are present  on t h e  ogival port ion of t h e  
bodies of t h e  first family, w h i l e  an  abrupt expansion takes  place a t  t h e  junction 
of t h e  cylinder-cor,e configuration. Along t h e  cy l ind r i ca l  section, the  source 
e f f e c t  of t h e  conical duct ensures a uniformly accelerated flow. 
i n  angle at  t h e  nose manifests i tself  here i n  a considerable change i n  t h e  l o c a l  
Mach number which thus, a t  t h e  beginning of t h e  t r ans i t i on ,  covers a range extend- 
ing  from 4.15 t o  7.30. 

The var ia t ion  

3.2 Determination of t h e  Emits of t h e  Transi t ion Region 

The photographs obtained under the above conditions permitted measuring on 
each mockup t h e  thickening of t h e  boundary layer during t h e  t r a n s i t i o n  phenome- 
non. Figures 6 and 7, f o r  d i f f e ren t  bodies, give the  evolution, along t h e  
abscissa,  of t h e  boundary layer  thickness. 

The diagrams a l so  give t h e  thickness of t h e  laminar boundary layer  calcu- 
l a t ed  from the  leading edge, as w e l l  as t h e  calculated thickness of t h e  turbulen t  
boundary layer which adjoins tha t  of the  observed boundary layer  downstream from 
this point .  
previously (Ref.5). 
ness of t he  moment of momentum. The laminar thickness was  derived from t h i s  
under t h e  hypothesis of a veloci ty  p ro f i l e  transformed from t h e  polynomial 
Polhausen p r o f i l e  of t h e  s i x t h  degree. 

These calculat ions wer? ma;de i n  accordance with a method developed 
Based on t h e  Karman equation, t h e  method y ie lds  t h e  thick- 

I n  t h e  turbulent  domain, a veloci ty  
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p r o f i l e  i n  powers has been used. 
made f o r  t h e  var ia t ions  i n  l o c a l  Mach number upstream of t h e  body and along t h e  
cy l ind r i ca l  section. 

I n  these calculat ions,  allowance has been 

FFgixes 6 and 7 show that, t.he observed thickness i s  i n  good agreement with 
t h e  calculated thickness f o r  t h e  laminar boundary layer up t o  a f a i r l y  well- 
defined point ,  which must be considered as t h e  beginning of t h e  t r a n s i t i o n  
region. 
observed thickness after a point  whose de f in i t i on  i s  less prec ise  but which must 
be considered as representing t h e  end of t h e  t r a n s i t i o n  zone. 

The thickness calculated f o r t h e  turbulent  boundary layer adjoins the  

3.3 Transi t ion Reynolds Numbers 

The t r a n s i t i o n  data  can be interpreted from t h e  values of Reynolds numbers 
t h a t  can be formed e i t h e r  with t h e  abscissa x o r  with a cha rac t e r i s t i c  thickness 
of t h e  boundary layer  which, very generally, i s  t h e  thickness of t h e  moment of 
momentum. Figure 8 shows t h e  thicknesses of t h e  moment of momentum, calculated 
f o r  t h e  laminar boundary layer  along t h e  models and t h e  corresponding Reynolds 
numbers based on t h e  l o c a l  flow. 

For ogives and cylinder-cone configurations, Fig .9 gives the  Reynolds /6 
numbers of t h e  abscissa of t h e  beginning and end of t h e  t r ans i t i on ,  formed with 
t h e  conditions corresponding, on t h e  one hand, t o  t h e  Mach number M,and, on 
t h e  o ther  hand, t o  t h e  l o c a l  Mach number. 
number of t h e  thickness of t h e  moment of momentum a t  t h e  beginning of t r ans i t i on .  
For t h e  cone, t he  corresponding values are as follows: 

The diagram a l s o  gives the  Reynolds 

S t a r t  o f  t r a n s i t i o n  End. o f t r-an si t i o n  

I 11.50 

(rullion.) 

An analysis  of Fig.9 shows first tha t  high values f o r  t h e  t r a n s i t i o n  ab- 

The values are s l igh t ly  higher than  those observed (Ref.2) 
s c i s sa  Reynolds number are obtained when t h i s  number i s  based on conditions cor- 
responding t o  M,. 
at Mach 3.08". 

The t r a n s i t i o n  region extends over a considerable distance,  s ince it i s  
always of t h e  order of magnitude of the length of t h e  laminar path. 

Finally,  t he  t r a n s i t i o n  Reynolds numbers of t h e  cy l ind r i ca l  ogives and t h e  
cy l ind r i ca l  cones are d i s t i n c t l y  higher than  those f o r  t h e  cone alone, which 

% The tests at  Mach 3.08 were made f o r  t h e  case of a p r a c t i c a l l y  zero heat f l u x  
at t h e  w a l l ,  whereas a negative heat f l ux  t raverses  t h e  w a l l  i n  t h e  ac tua l  
tests. Nevertheless, t h e  published r e su l t s  show t h a t  t h e  influence of t he  heat 
f l u x  on t h e  t r a n s i t i o n  must be low a t  the  r e l a t i v e l y  high Mach numbers consid- 
ered i n  t h e  present case. 
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seems t o  ind ica te  t h a t  a considerable influence of t h e  pressure gradients on the  
f r o n t a l  bodies exists. S l igh t ly  more advanced t r ans i t i ons  on the  cy l indr ica l  
cones apparently are due t o  a s l igh t ly  more rapid thickening of t h e  laminar 
boundary layer .  

The influence of t h e  nose cone i s  more d i s t i n c t  f o r  Reynolds numbers based 
on l o c a l  conditions. 
values as the  angle at  t h e  leading edge i s  la rger .  
thus manifests i t se l f  i n  a considerable increase i n  t h e  t r a n s i t i o n  Reynolds 
number, a phenomenon a l s o  observed at  Mach 3 .  

The resu l tan t  values are t h a t  much lower than t h e  preceding 
The increase i n  aspect r a t i o  

The diagram refer r ing  t o  t h e  Reynolds number f o r  t h e  thickness of t h e  
moment of momentum a t  t h e  beginning of t r a n s i t i o n  results i n  comparable observa- 
t i ons .  
M, = 6.75 and at  M, = 3.08 increases with decreasing nose angle. 
t i m e ,  t h e  difference between the  l o c a l  Mach numbers a t  which t h e  t r a n s i t i o n  
takes  place a l s o  increases.  

However, it w i l l  be noted t h a t  t h e  difference between the  results a t  
A t  t h e  same 

3.4- b P  arent  Fr ic t ion  i n  the  Transit ion Region 

Figures 6 and 7 show tha t ,  i n  a l l  cases, t h e  thickening of t h e  boundary 
l aye r  i n  the  t r a n s i t i o n  region i s  so rapid t h a t  it by far  exceeds t h a t  of a 
turbulent  boundary layer .  
layer, i s  most l i k e l y  a l so  t r u e  f o r  the  thickness of t h e  moment of momentum. 
In  f ac t ,  t h e  theory shows t h a t  t h e  r a t i o  6,/S of a laminar boundary layer ,  under 
t h e  ac tua l  conditions, differs l i t t l e  from t h a t  of a turbulent  boundary layer .  
We assume t h a t  this layer  will be maintained a l so  f o r  a t r a n s i t i o n  boundary 
layer .  

T h i s  resu l t ,  va l id  f o r  t h e  thickness of t h e  boundary 

The K&&n equation then permits a cor re la t ion  of t he  f r i c t i o n  coef f ic ien t  
a t  t h e  w a l l  with t h e  thickness of t h e  mment of momentum and i t s  der ivat ive.  
We thus have 

+-+2*A r *+ &Ly? 

Therefore, we made an estimate of t h e  f r i c t i o n  coef f ic ien t  i n  t h e  t r a n s i t i o n  
region, on t h e  basis of t h e  above formula?. Three examples of t h e  obtained 
result are p lo t t ed  i n  Fig.10. 
t h e  K&&n equation i n  t h e  t r a n s i t i o n  region i s  d i s t i n c t l y  grea te r  than t h e  
turbulent  f r i c t i o n ,  as could be predicted f r o m t h e  rapid thickening of t h e  
boundary layer.  

It is obvious t h a t  t h e  f r i c t i o n  resu l t ing  from 

A t  first glance, this e f f ec t  appears t o  exert a considerable influence on 
t h e  balance of f r i c t i o n a l  drag and probably a l s o  on t h e  heat flux along t h e  w a l l .  
However, it should be emphasized t h a t  the K&dn equation, obtained by integra- 

35 Since t h e  r a t i o  H of t h e  displacement thickness t o  t h e  moment of momentum 
thickness i s  unknown, the  term due t o  the ex te r io r  ve loc i ty  gradient could not 
be allowed fo r ;  i n  t he  present case, this W i l l  be at most 20% of t h e  t o t a l  
balance. 
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t i o n  of t h e  Navier-Stokes equations, also makes the  hypothesis t h a t  t h e  longi- 
t u d i n a l  var ia t ion  of t he  turbulence terms can be neglected, a hypothesis which 
obviously i s  highlx disputable i n  a t r ans i t i on  region. 
ca t ion  of t h e  Karman equation must be considered as "apparent" f r i c t i o n  which 
might possibly contain, together wi th  t he  fr ic t . ion alopg t h e  wall, a supple- 
mentary term produced by t he  longitudinal der ivat ive of t he  turbulent in tens i ty .  

The r e s u l t  of an appli- 

4. Conclusions /8 
Fqeriments  made i n  a Wind tunnel a t  high u n i t  Reynolds number, with vari-  

ous forms of bodies of revolution with pointed nose, have shown t h a t  t he  favor- 
able influence of negative pressure gradients, es tabl ished on t h e  nose cones, 
i s  s t i l l  great  a t  Mach 7. 

The experiments have confirmed tha t  t h e  t r a n s i t i o n  region, at  elevated Mach 
numbers, reaches a considerable extent which i s  of t h e  order of magnitude of t h e  
extent  of t he  laminar path. 

The da ta  a l s o  show t h a t  a considerable thickening of t h e  boundary layer 
takes  place during t h e  t r ans i t i on .  
far t h a t  of a turbulent  boundary layer. 

The resu l tan t  apparent f r i c t i o n  exceeds by 
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